Thermodynamically driven self-assembly offers a direct route to organize individual nanoscopic components into threedimensional structures over a large scale [1] [2] [3] . The most thermodynamically favourable configurations, however, may not be ideal for some applications. In plasmonics, for instance, nanophotonic constructs with non-trivial broken symmetries can display optical properties of interest, such as Fano resonance, but are usually not thermodynamically favoured 4 . Here, we present a self-assembly route with a feedback mechanism for the bottom-up synthesis of a new class of symmetry-breaking optical metamaterials. We self-assemble plasmonic nanorod dimers with a longitudinal offset that determines the degree of symmetry breaking and its electromagnetic response. The clear difference in plasmonic resonance profiles of nanorod dimers in different configurations enables high spectra selectivity. On the basis of this plasmonic signature, our self-assembly route with feedback mechanism promotes the assembly of desired metamaterial structures through selective excitation and photothermal disassembly of unwanted assemblies in solution. In this fashion, our method can selectively reconfigure and homogenize the properties of the dimer, leading to highly monodispersed aqueous metamaterials with tailored symmetries and electromagnetic responses.
Thermodynamically driven self-assembly offers a direct route to organize individual nanoscopic components into threedimensional structures over a large scale [1] [2] [3] . The most thermodynamically favourable configurations, however, may not be ideal for some applications. In plasmonics, for instance, nanophotonic constructs with non-trivial broken symmetries can display optical properties of interest, such as Fano resonance, but are usually not thermodynamically favoured 4 . Here, we present a self-assembly route with a feedback mechanism for the bottom-up synthesis of a new class of symmetry-breaking optical metamaterials. We self-assemble plasmonic nanorod dimers with a longitudinal offset that determines the degree of symmetry breaking and its electromagnetic response. The clear difference in plasmonic resonance profiles of nanorod dimers in different configurations enables high spectra selectivity. On the basis of this plasmonic signature, our self-assembly route with feedback mechanism promotes the assembly of desired metamaterial structures through selective excitation and photothermal disassembly of unwanted assemblies in solution. In this fashion, our method can selectively reconfigure and homogenize the properties of the dimer, leading to highly monodispersed aqueous metamaterials with tailored symmetries and electromagnetic responses.
In the last decade, control over structural symmetries has led to novel materials properties and the prediction of potentially exciting applications. Optical metamaterials 5 , unlike conventional materials, can be designed to have negative refraction, rainbow trapping and nonlinear metal optics. However, particularly rich and exciting physics comes into play when symmetry-breaking mechanisms are introduced that have the potential to enable strong anisotropic plasmon hybridization 6 , leading to unusual phenomena including plasmon-induced transparency 7 , anti-Hermitian plasmonic antennas 8 and optical magnetism, and consequently negative-index metamaterials 9 . These intriguing properties can be used in a number of important applications, such as subwavelength imaging, optical cloaking and sensing [10] [11] [12] . These applications could be hindered by the fact that most structures are fabricated predominantly by top-down lithography, a technique that is inefficient for producing isotropic metamaterials in three dimensions and is often not cost-effective for large-scale fabrication. To mitigate these limitations, self-assembly approaches have recently been explored. However, they generate the most thermodynamically favourable structure, which usually results in a high degree of structural symmetry and inevitable inhomogeneity. For example, such self-assembly methods have been used to synthesize symmetric coupled plasmonic nanoclusters on a substrate 13 . Very recently, assisted by DNA or polystyrene-particle scaffolds, a circular dichroic plasmonic cluster and optical metafluid with high symmetry have also been reported 14, 15 . A significant challenge would be to overcome this thermodynamic restriction and assemble unconventional symmetry-breaking nano-entities with high structural uniformity. Accordingly, we have developed a self-assembly route with feedback that exploits the nanostructures' own optical properties and their responses to external light to reassemble with specific symmetry-breaking and optical properties. This unique feedback mechanism leads to precisely controlled nanostructures with beyond conventional symmetries and functionalities.
The assembly system we consider, as a demonstration, is a symmetry-breaking nanorod dimer, coupled side by side, with a longitudinal offset that defines the degree of symmetry breaking (Fig. 1 ). This offset endows the structure with anisotropically localized electromagnetic modes ( Supplementary Fig. 1 ), leading to applications such as the plasmonic ruler 16 , field-enhanced spectroscopy 4 and optical magnetism for negative-index metamaterials 17 . However, these asymmetrically coupled plasmonic structures are often not thermodynamically favourable, and the self-assembly of such structures remains a challenge. By judicious selection of linker molecules, the bonding direction of gold nanorods can be controlled to form directional nanodimers and, as has been demonstrated recently, chiral plasmonic structures 18 . Nevertheless, all previously reported nanorod assemblies, in general, tend to aggregate and align side by side or end to end as a consequence of maximized interparticle interaction and minimized surface energy, and there is no controlled structural selection with a longitudinal symmetry-breaking phenomenon [19] [20] [21] . To create the asymmetrically coupled metallic dimers with a longitudinal offset, we first synthesized colloidal gold nanorods with a seed-mediated growth method 22 and uniquely assembled the nanorods anisotropically at a water-chloroform interface (Fig. 1b) . During synthesis, a bilayer of positive charged cetyltrimethylammonium bromide (CTAB) molecules was preferentially bonded along the longitudinal facets, stabilizing the growth of the nanorods with preferred crystal orientations 23 . The ligand-exchange process was subsequently applied to deactivate and partially replace the CTAB bilayer with the hydrophobic ligand octadecyltrimethoxysilane (ODS). By controlling the concentration of the hydrophobic ligands and the time of surface hydrophobication, we were able to stabilize the nanorods at the water-chloroform interface with partially decorated positive surfaces. When negatively charged spacer molecules (disodium chromoglycate, DSCG) were introduced, dimers formed electrostatically at the interface and an offset along the longitudinal side was created because the patched deactivation sites of the two nanorods could not be generated symmetrically. The reduced growth rate due to surface hydrophobication and steric interactions 24, 25 among ligands prevented the generation of sideby-side aggregates and stabilized the structure at the dimer stage (for details see Supplementary section 'Experimental method and characterization' and Supplementary Fig. 2 ).
Monomeric gold nanorods with an average aspect ratio of ∼3.2 ± 0.2 before assembly can be identified in the transmission electron microscopy (TEM) image in Fig. 2a , and the high-resolution TEM image in the inset to Fig. 2a reveals the longitudinal crystal facets to be {100}, the preferred high-affinity surface for CTAB bilayers 23 . After assembly, asymmetrically coupled nanorod pairs were formed parallel with the offsets (symmetry-breaking) along the longitudinal axis. Typical offsets were between 5 and 30 nm (Fig. 2b, Supplementary Fig. 3 ). The high-resolution TEM image in the inset to Fig. 2b shows a typical gap separation of ∼5 nm (the blurred crystal surfaces of the dimers are mainly due to surface functionalization).
The optical scattering spectra and corresponding TEM images of an individual nanorod monomer (dimensions of 68 × 21 nm) show longitudinal surface plasmon resonances (λ max at ∼686 nm) due to the excitation of surface plasmon oscillation along the long axis of the monomer (Fig. 2c, Supplementary Fig. 4 ). The dimer, asymmetrically coupled by two nanorods with an offset of ∼20 nm and a gap separation of ∼5 nm, has an intriguing spectrum due to plasmon hybridization (Fig. 2d) , where the hybridized modes are determined by the gap and mutual offset. The longitudinal plasmon resonance at ∼694 nm is therefore regarded as the electric dipolar mode (symmetric plasmon coupling of the dimer), slightly redshifted as compared to that of the monomer. A relatively narrower peak at ∼905 nm is also distinctly visible. This is a signature of the magnetic dipolar response from the antisymmetric plasmon coupling of the dimer (Fig. 2e) , which is the key precursor for the formation of optical negative-index metamaterials.
Although this spectroscopic study of an individual symmetrybreaking dimer proves the magnetic property of metamaterials, the optical modes of the entire ensemble of as-assembled nanostructures might be smeared due to the intrinsic inhomogeneous broadening in a self-assembly system. It has been a fundamental challenge to obtain monodispersed aqueous assemblies with uniform structural symmetries and the desired ensemble optical properties. To address this issue, we developed a self-assembly and feedback mechanism that uses the structures' electromagnetic signature as a feedback to selectively reconfigure and homogenize ensemble nanoassemblies. Specifically, our process is based on the strong structural dependence of the plasmon resonance of gold nanorod dimers (which absorb light to a substantial extent 26 ), which can be used selectively to break the weak electrostatic binding between gold nanorods via photothermal dissociation 27, 28 . As shown schematically in Fig. 3a , plasmon excitation at the resonance frequency can be used in a selective way such that undesired assemblies are dissociated due to the photothermal effect while leaving desired (offresonance) ones intact. Meanwhile, the released linker molecules could induce dimer recombination through an electrostatic interaction 29, 30 . Under these conditions, dimers with the correct offset will be formed, because the laser irradiation prevents the growth of undesired dimers. By illuminating at designated wavelengths, the plasmonic nanorod dimer structures will be reshaped and remain at a given offset with uniformly controlled symmetry breaking.
Quantitative results of the structural reconfiguration and optical properties before and after self-assembly with selective plasmon feedback control are shown in Fig. 3 . A broad distribution of dimer offsets is observed from the as-assembled dimer structures (Fig. 3b) . The extinction spectrum of the assembly in solution shows the asymmetric broad longitudinal dipolar response that is the result of structural inhomogeneity (Fig. 3c) Figure 1 | Scheme of self-assembly route with self-corrected feedback mechanism mediated by the products' own properties. a, As an example, assembled entities with arbitrary symmetries, in particular broken symmetries, can be achieved using our self-assembly route to overcome thermodynamic limitations and achieve precise structural and symmetry control. b, Schematic of the preferential asymmetric binding technique. To assemble symmetrybreaking dimers, a gold nanorod monomer with cetyltrimethylammonium bromide (CTAB) coating was first modified via a partial ligand exchange process to prepare a chemically stable and patchy organosilane shell using mercaptopropyltrimethoxysilane (MPS) as a linker and octadecyltrimethoxysilane (ODS) as the hydrophobation agent. The space agent, disodium chromoglycate (DSCG), was then introduced to achieve electrostatic assembly. To maximize surface molecule interaction, two nanorods tend to align side by side, with an offset in the longitudinal direction.
symmetry-breaking dimers shown in Fig. 2d , no observable magnetic dipole response can be distinguished because of intrinsic inhomogeneous broadening. Evidence for the magnetic dipolar response can be observed in the spectra taken after quantitative structural reconfiguration with feedback control. In a typical experiment, a femtosecond laser was operated at a chosen wavelength to break the weak electrostatic interaction between the dimer elements, with an average power density of 0.875 kW cm −2 (much smaller than has been used to dissociate a covalent bond 27 ). Figure 3d presents a statistical histogram of the ensemble structural distributions after laser irradiation from 760 nm to 930 nm. The distribution of offsets is pronounced at 10-20 nm and much improved compared to the as-assembled samples (Fig. 3b) , indicating the effectiveness of the present selective structure homogenization (Supplementary Fig. 6 ). As is reflected in the optical extinction spectra of the aqueous ensemble, the previously broad and asymmetric response is now split into two narrow resonances at peak λ max values of ∼740 nm and ∼960 nm (Fig. 3e) . These can be ascribed to the collective ensemble longitudinal electric dipolar and magnetic dipolar modes, respectively, and conform well to our calculated results. The observed magnetic dipolar resonance emerges due to the annihilation of inhomogeneous broadening after self-assembly with selective structural feedback control. The difference in resonance frequencies arises due to the fact that they are in solution and on substrate, with different medium indices. The slightly wider resonance compared to the individual dimer spectrum (Fig. 2d) is attributed to the averaging effect over various orientations of dimers in solution by unpolarized excitation. It is worth noting that the electromagnetic properties we achieve here are fully isotropic in three dimensions, which is desirable and advantageous for the implementation of important metamaterial applications such as the fabrication of a perfect lens 10 and transformation optics 11 .
To obtain the emerging metamaterial effective properties, we quantified the ensemble's magnetic dipole by measuring the angle-and polarization-resolved light scattering spectra (Fig. 4a) . In this plot, the measured azimuth angular scattering pattern (red circles), the weighted combination of the electric (dashed cyan line) and magnetic (dashed magenta line) dipole radiations, indicates a substantial magnetic dipole contribution of 78%, which matches well with the calculation (solid blue line). By numerically extracting the averaged polarization and magnetization density, we successfully obtained the effective properties of our assembled aqueous symmetry-breaking metamaterials (Fig. 4b) . As is shown, the optical properties of the metamaterials are highly tunable with filling factors. The effective metamaterial index is much smaller than the index of the water medium (n = 1.33) across all wavelengths, even at low filling factors of ∼0.1. As the filling factor increases, it leads to isotropic negative-index optical metamaterials (for details see Supplementary Discussion 1 and Supplementary  Figs 9 and 10 ).
To further demonstrate the capability of our method to control the level of symmetry breaking, we extended our synthesis of nanorod dimer colloidal metamaterials with another offset at ∼20-30 nm. We again overcame the thermodynamic constraints using our self-assembly route with feedback, which led to uniform metamaterial structures and appreciable isotropic optical magnetic response. With this different level of symmetry breaking, we demonstrated a shift in the ensemble electric and magnetic dipolar resonances to 760 nm and 870 nm, respectively, which matches our simulation results well (for details see Supplementary Discussion 2 and Supplementary Figs 11-13) .
In summary, we have demonstrated a self-assembly route with self-feedback mechanism to synthesize a new class of aqueous symmetry-breaking metamaterials with isotropic optical metamaterials properties. Our method could expand structural design particles. This indicates a uniform structure (offset pronounced at ∼10-20 nm). The corresponding representative TEM image is shown in a. e, Experimental and simulated spectra for the ensemble of symmetry-breaking metamaterials after structural feedback control. Besides the characteristic electric dipolar resonance, a signature of magnetic dipolar peak becomes visible at ∼960 nm and matches well with simulations. All responses are regarded as isotropic because there is no preferred structural orientation in the aqueous assembly. freedom and enrich the functionalities of artificial materials beyond typical thermodynamic limitations. The concept of self-assembly/ disassembly mediated using the products' own properties as an autonomous feedback control may offer a drastically new perspective for the self-selective assembly of complex nanoarchitectures with tailored symmetry for applications previously deemed unfeasible. In contrast to the conventional wisdom that a material's structure determines its physical properties, we provocatively suggest that the final properties of materials, by design, may dictate the evolution of self-assembly and self-determine the final structure.
